Long-range intermolecular forces are able to steer polar molecules submerged in superfluid helium nanodroplets into highly polar metastable configurations. We demonstrate that the presence of such special structures can be identified, in a direct and determinative way, by electrostatic deflection of the doped nanodroplet beam. The measurement also establishes the structures' electric dipole moments. In consequence, the introduced approach is complementary to spectroscopic studies of low-temperature molecular assembly reactions. It is enabled by the fact that within the cold superfluid matrix the molecular dipoles become nearly completely oriented by the applied electric field. As a result, the massive (tens of thousands of helium atoms) nanodroplets undergo significant deflections. The method is illustrated here by an application to dimers and trimers of dimethyl sulfoxide (DMSO) molecules. We interpret the experimental results with ab initio theory, mapping the potential energy surface of DMSO complexes and simulating their low temperature aggregation dynamics.
Introduction
Long-range intermolecular forces play an essential role in reactions at sub-Kelvin temperatures (see, e.g., the reviews in refs [1] [2] [3] [4] . For example, long-range interactions between polar molecules embedded in helium nanodroplets often dominate the outcome of their assembly reactions. This is facilitated by the low internal temperature (370 mK) of the nanodroplet medium as well as by its superfluidity. [5] As a result, molecular reorientation and intermolecular reactions within nanodroplets are not perturbed by inhomogeneities present in other low-temperature surface and matrix isolation environments, making these "nano-cryotraps" excellent hosts for exploring the physics and chemistry of cold molecular systems. [6] A landmark demonstration of the action of long-range forces was furnished by experiments on HCN molecules sequentially picked up by a He nanodroplet beam. [7] These linear molecules were guided by dipole-dipole forces to self-assemble into long chains aligned head-to-tail inside the nanodroplet. HCCCN was found to behave similarly. [8] These chains rank among the most polar molecular systems ever observed in a molecular beam. In an "ordinary" environment thermal motion would drive them out of this type of metastable configuration, but within a very cold and inert liquid helium droplet they become long-lived. Data on formic acid, [9] imidazole, [10] and acetic acid [11, 12] dimers suggested an analogous alignment mechanism.
However, such an outcome is not universal in nanodroplet embedding. For example, two
HCl molecules arrange themselves nearly at a right angle to each other [13, 14] while water clusters form cyclic structures. [15] The "decision" by polar molecules how to orient themselves upon approach depends on the strength of their dipoles, on their responsiveness to the mutually reorienting torques (i.e., their rotational constants and their accessible rotational quantum states), and on the directionality and flexibility of their bond formation. That is to say, the outcome depends on the shape of the intermolecular potential energy surface and on the barrier heights encountered on the path to the final configuration.
It is therefore interesting and informative to establish whether a molecular formation within a nanodroplet can reach its global energy minimum or finds itself trapped in a polar metastable state. However, often this is not a straightforward determination. The studies cited above based their conclusions on the interpretation of dopant infrared spectra or on inference from electron attachment mass spectrometry. Such assignments grow more difficult and less definitive with increasing size and/or complexity of the embedded molecules and their assemblies.
In this work we describe a measurement which directly establishes the polarity of a molecular assembly, as well as determines its dipole moment. It makes use of electrostatic deflection of the doped nanodroplet beam. [16, 17] The technique is based on the fact that polar structures embedded within the superfluid matrix can be made nearly fully oriented by an external static electric field [18] and consequently experience an extremely large deflecting force from the field's gradient. Such a high degree of orientation is unattainable for bare polyatomic complexes in a molecular beam. Whereas some relatively small and light molecules reach rotational temperatures Trot below 1 K with the use of seeded supersonic expansions and exhibit large deflections (see, e.g., refs [19, 20] ), this becomes impractical for heavier systems.
For the purpose of an estimate, consider the classical Langevin function for the orientation of a molecular rotor in an external field Ê z :
. This is a good approximation [21, 22] [18] If the external electric field which orients the nanodroplet-submerged dipoles is designed also to have a strong gradient in the same direction, then these dipoles will experience such a strong sideways force This is a conveniently unambiguous measurement applicable to a wide range of molecules, from diatomic to polyatomic (including biological). Practically any molecular species that can be brought into the vapor phase with a pressure of only 10 -6 -10 -4 mbar can be picked up by the nanodroplet beam and thermalized within the inert viscosity-free medium. The thermalization proceeds by evaporative cooling: the molecules' translational and internal energies are transferred to the superfluid matrix which has a very high thermal conductivity, and released via evaporation of surface helium atoms, promptly bringing the nanodroplet back to the original temperature. [5] Here we apply the deflection method to monomers, dimers and trimers of the dimethyl sulfoxide molecule ("DMSO," (CH3)2SO, molecular mass 78 Da). The molecule is nearly an oblate symmetric top, with rotational constants of [23, 24] 0.235 cm -1 , 0.231 cm -1 , and 0.141 cm -1 and its total dipole moment is [25] p=4.0 D. The measurement clearly reveals the presence of highly polar dimers and trimers, i.e., the formation of metastable polar configurations abetted by the cryogenic nanodroplet environment. To our knowledge, this is the first direct nonspectroscopic identification of such a cold polar molecular assembly.
Results and Discussion
Deflection profiles. The experimental setup has been described in detail elsewhere. [16, 17, 26] A nanodroplet beam is formed by cold nozzle expansion of pure helium gas. It passes first Molecules are picked up by helium nanodroplets via successive collisions in a Poisson process. [5] Therefore it is important to correlate measured beam deflections with the specific number of molecules embedded in the droplet. In other words, when mapping out the deflection profile of a dopant ion peak in the mass spectrum, we need to ensure that it is not a fragment of a larger agglomerate. This is done by gradually increasing the vapor pressure in the pick-up cell and monitoring the mass spectrum for the appearance of molecular ions characteristic of progressively larger entities. For example, monomer ionization produces a strong (DMSO) + signal [27] at m=78 Da, hence if we measure beam profiles with the mass spectrometer set to this mass peak but with the vapor pressure low enough to suppress the corresponding characteristic (DMSO)2 + peak at m=156 Da, then we can be confident that the deflection principally corresponds to droplets carrying the monomer. Similarly, profiles measured at m=156 Da but before the appearance of the trimer's signal must derive from the dimer, etc. Representative mass spectra are shown in the Supporting Information (SI). not into its global minimum structure, because the latter would be symmetric with a zero dipole moment. [28] In order to assign an absolute value of the dipole moment to the dopant, we must keep in mind that the host nanodroplets are not all of the same size. The size distribution produced by the nozzle expansion is log-normal, and this translates into a convolution of pick-up cross sections, deflection angles, and ionization efficiencies. Our procedure [16, 17] is to start with the profile corresponding to a single DMSO dopant molecule whose dipole moment is known. A fit to the deflected profile (by a Monte Carlo simulation of the pick-up, evaporation, deflection, and detection steps) is used to calibrate the droplet size distribution. Then by repeating the deflection measurement and its simulation with doubly-and triply-doped nanodroplets produced and detected under the same conditions, we can deduce the electric dipole moments corresponding to the dimer and the trimer. These dipole moments enter the fitting procedure at the step where the deflecting electrostatic force is calculated. As described in the Introduction, this requires knowing z p ,
i.e., the degree of orientation induced by the applied field. For the DMSO monomer this is carried out by diagonalizing the rotational Stark effect matrix (cf. ref [29] ) using the components of the molecule's dipole moment. [24] For the heavier dimer and trimer the classical Langevin-Debye formula is sufficiently accurate. [30] In calculating the monomer's Stark spectra one should keep in mind that rotational coupling to the superfluid [31] enhances the moments of inertia of the heavier molecular rotors by an average factor of ~2.5-3 compared with their gas phase value. 5, 18 Since DMSO's specific renormalization factor is not known, it was set to 2.6 in our data fitting procedure. We found that the inclusion of this factor had practically no effect on the deduced dipole of the dimer but shifted that of the trimer upward by 10%-15%. For the final fitted dipole values listed below, the (DMSO)n orientations within an applied 82 kV/cm field were found to be 86%, 97%, and 98% for n=1-3, respectively. [28] (essentially a nonpolar dimer plus an unpaired monomer), establish the presence of highly polar metastable structures. In the cold superfluid environment these structures are steered into formation by the long-range intermolecular forces and are then unable to overcome the potential barrier leading to the global minimum configuration.
Modeling of molecular complex formation. To facilitate the interpretation of the above results, we supplemented the experiments with ab initio modeling of DMSO condensation. We optimized the geometry of DMSO dimers and trimers with the B3LYP functional with the aug-cc-pVDZ basis set. The DMSO complexes are dominantly bound by electrostatic forces but the dispersion interactions still play a non-negligible role. We have therefore used the D2 correction of Grimme. [32] The approach was tested against the CCSD(T)/aug-cc-pVTZ method for the DMSO dimer, yielding similar energetics (see the SI). All calculations were performed in the gas phase: by considering complexes with helium atoms or within a dielectric continuum we found that the helium environment had a negligible effect on the structure and energetics.
The potential energy surfaces (PES) were pre-screened with molecular mechanics (MM)-based metadynamics simulations [33] and the structures were then recalculated at the DFT level (see the SI for further information).
The process of DMSO dimer formation was modeled with molecular dynamics (MD)
simulations within the canonical ensemble. We used the Nosé-Hoover thermostat with a rather small value of  = 0.01 ps. This corresponds to fast draining of extra energy from the system, so that at each time it essentially remains in equilibrium. A temperature of 5 K was chosen in order to accelerate the simulations. It is higher than in the experiment but the difference is small compared with the PES accuracy.
We started with two DMSO molecules positioned at a distance of 20 Å between the two sulphur atoms with a random orientation. We then performed molecular mechanics simulations with the MM force field. [34] The molecules gradually approached each other while aligning their dipole moment. Since the MM force field does not reproduce the energetics of the minima sufficiently well, at the intermolecular distance of 10 Å we reset the simulations, switching from the force field to the more accurate semiempirical density functional tight binding (DFTB) method [35] with D3 dispersion correction. [36, 37] The system then continued to evolve in time for
another 500 ps with a time step of 1 fs, using the velocity Verlet integrator. Dipoles along the path were recalculated at the B3LYP/aug-cc-pVDZ level.
The DFT and CCSD(T) calculations were performed in Gaussian09. [38] Molecular dynamics simulations were performed in GROMACS 2018.4 [39] and the DFTB simulations in the DFTB+ 18.2 code. [35] We also utilized our in-house MD code ABIN. [40] Results of modeling. Fig. 2 shows several low-lying minima of the DMSO dimer obtained from extensive mapping of its potential energy surface. The structures are divided into two classes of minima: non-polar and polar. The global minimum (complex D1) of (DMSO)2 has a symmetrical configuration with a zero dipole moment, consistent with the aforementioned work. [28] Structures D2 and D3 also belong to the low dipole manifold. Complexes D4 and D5
represent polar type structures. The experimental data suggest that the highly polar structure D5, with an almost orthogonal arrangement of dipoles, predominantly forms within nanodroplets. It is separated from the global minimum by a barrier of 0.08 eV (see the SI), which is more than sufficient to prevent a D5 → D1 transition.
Structure formation under cryogenic conditions is therefore likely to proceed as follows.
At large separation the dominant force is the dipole-dipole interaction which aligns the two DMSO molecules. As described in the SI, there is a barrierless pathway between this structure and the D5 minimum. Therefore the molecules approach each other gradually within the helium environment to which all excess energy is almost immediately drained. The (DMSO)2 ends up trapped within the basin of complex D5. The structures are more diverse for the trimer (Fig. 4) . The lowest energy structure is cyclic with a dipole moment of 4.25 D (complex T1). Its formation is kinetically hindered. Indeed, as mentioned above, it represents the global dimer minimum to which the third molecule is added; since in the nanodroplets the former structure is not formed, neither will the cyclic trimer. We 
Conclusion
In summary, we have demonstrated that the presence of peculiar polar structures, formed by sequential embedding of polar molecules into superfluid helium nanodroplets, can be clearly and directly detected by electrostatic deflection of the doped nanodroplet beam. In an application of this method to DMSO molecules we found that they form dipole-aligned dimer and trimer structures, steered by long-range electrostatic interactions. The formation mechanism and the magnitudes of the dipole moments are in good agreement with calculations describing molecular interactions and structure formation in the viscosity-free cryogenic environment.
In future applications it will be interesting to extend this approach, for example, to a study of interactions between polar amino acids or between prototype solute and solvent molecules, as well as between molecules in photoinduced polar conformations. It is also interesting to inquire whether transfer of angular momentum between the impurities and the quantum-fluid bath, a phenomenon predicted to have the potential to screen the impurity -electric field interaction, [41] may be able to measurably affect the dynamics of molecular assembly within nanodroplets. 
I. (DMSO)n ion mass spectra
As described in the main text, deflection profiles of droplets doped with DMSO monomers, dimers, or trimers were acquired by setting the mass spectrometer to the masses of (DMSO) + , (DMSO)2 + and (DMSO)3 + ions, respectively, and maintaining the pickup vapor pressure at a level such that the mass peak of interest would be dominant over the next higher one. This is illustrated in Fig. S1 . The mass spectrometer is a Balzers QMG-511 crossed-beam quadrupole analyzer with its electron impact ionization source set to 90 eV impact energy. Figure S1 . Representative mass spectra corresponding to deflection measurements on (DMSO)n-doped nanodroplets. The mass spectrometer was set to the masses of intact ions: (a) 78 Da for the monomer, (b) 156 Da for the dimer, (c) 234 Da for the trimer.
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II. Ab initio calculations: Benchmarking
The potential energy surface was explored with the B3LYP(D2)/aug-cc-pVDZ method. The dipole moment of the isolated DMSO molecule in its equilibrium geometry calculated with this approach was 4.3 D, which is consistent with the tabulated value
[S1] of 4.0 D within the expected accuracy of DFT. [S2] We validated this approach against the high-level CCSD(T)/augcc-pVTZ method. Basis set superposition error (BSSE) correction was used for all structures. The agreement is very good for all cluster structures, see Table S1 . We also show the energetics of the respective minima at the DFTB/D3 level used for exploratory simulations. The DFT and CCSD(T) calculations were performed in the Gaussian 09, rev. D01 package, [S3] the DFTB results were calculated in the DFTB+ 18.2 program.
[S4] Table S1 . Comparison of DMSO dimer binding energies at the CCSD(T), B3LYP(D2) and DFTB(D3) levels. The BSSE correction was accounted for in the CCSD(T) and B3LYP(D2) calculations. 
Dimer complex
III. Mapping of the (DMSO)2 and (DMSO)3 potential energy surfaces
The potential energy surfaces (PES) of DMSO complexes are rather rich and we mapped them in the following way. First, we performed accelerated molecular dynamics simulations with the molecular mechanics (MM) force field, [S5] using the so-called metadynamics method. [S6] Here, an additional potential is added along a preselected coordinate so that we can quickly overcome barriers along these coordinates. These simulations then also provide the free energy as a function of the selected coordinate [potential of mean force (PMF) or free energy surface (FES)]. We then selected different structures with distinct dipole moments from these metadynamical trajectories and performed further B3LYP optimization.
Metadynamics simulations were performed at 100 K to reveal the regions of interest in the dipole moment coordinate. This temperature is much higher than the experimental conditions, yet we opted for it to avoid ergodicity problems. Note that these simulations are only auxiliary, serving as a starting point for minimizations or MD simulations. The minimum on the PMF is found for a small yet non-zero dipole moment due to entropic reasons. The force field overestimates the dipole moment by 20% with respect to the ab initio value. The final PMFs for the dimer and trimer complexes are displayed in Fig. S2 .
By clustering structures with similar dipoles together and performing 100 subsequent optimizations with Gaussian 09, for both the dimer and trimer structures, we were then able to map their PES landscapes.
The metadynamics parameters were as follows. The dimer simulation length was 100 ps, leap-frog stochastic integrator was utilized, the temperature was set to 100 K with a thermostat constant of τ =1.0 ps. For the trimer the simulation length was increased to 300 ps. The collective variable (CV) is the total dipole moment. An additional Gaussian potential was added every 100 steps. The Gaussian height was 0.015 kJ/mol and the CV gaussian width was 1.2 Debye.
MD simulations were performed with GROMACS 2018.4 code [S7] coupled with PLUMED 2.5 code [S8] for the FES simulations. Figure S2 . PMF for DMSO dimer and trimer complexes for the dipole moment coordinate at 100K.
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IV. Transition between two dimers at a distance and D5
Nudged elastic band (NEB) optimization [S9] was performed to find energy barriers between two DMSO molecules a distance apart (13.5 Å; in the minimal geometry at that separation the two DMSO molecules have aligned dipoles) and complex D5. Fig. S3 shows that the connection is barrierless.
The simulations were carried out in the TeraChem code [S10,S11] using the B3LYP(D2)/aug-cc-pVDZ method with 14 molecular images between the two structures. The images were generated by constrained minimization. Figure S3 . NEB calculations connecting the long-distance configuration to the D5 minimum.
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V. Transition between the D5 and D1 minima
We also performed NEB calculation connecting the D5 minimum with the global D1 minimum. The final energy curve is shown in Fig. S4 . Figure S4 . NEB calculations connecting the minima D1 and D5.
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VI. Two dimensional free energy surface
Additional insight into the topology of the multidimensional PES of DMSO aggregates can be brought about via modeling of free energy surfaces (FES). We evaluated the FES (i.e., the two dimensional version of the PMF in Fig. S2 ) as a function of two coordinates: the aggregate dipole moment and the interatomic S-S distance, see Figs. S5-S8. The graphs were once again generated using the metadynamics method and the temperature of 100 K to avoid convergence issues. It is clear that at large intermolecular distance the system prefers the high-dipole configuration, as mentioned above. At close distances one observes a number of minima separated by barriers.
The 2D metadynamics parameters were as follows. As before, for the dimer the simulation length was 100 ps, leap-frog stochastic integrator was utilized, the temperature was set to 100 K with thermostat constant τ =1.0 ps. The first collective variable, CV1, was defined as the S-S interatomic distance between the DMSO monomers. An additional Gaussian potential was added at every 1000 steps. The Gaussian height was 0.015 kJ/mol and the CV1 Gaussian width was 0.1 nm. The second collective variable was the dipole moment with the same deposition parameters as CV1 and Gaussian width of 1.2 D. Upper energetic walls for CV1 were applied at 2 nm in order to keep the molecule in the area of interest.
For the trimer the simulation length was increased tenfold to 1000 ps, with the other parameters fixed. CV1 was redefined as the sum of S-S interatomic distances due to the presence of the third DMSO molecule, the other variables remained the same. The upper energetic walls for CV1 were shifted to 6.0 nm. Figure S5 . FES for the DMSO dimer at 100 K. 
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VII. Force field parameters
The MM simulations were performed with parameters taken from ref S5 . The parameters are summarized in Tables S2 and S3 . 
